Predicting the structure of a protein from its sequence remains challenging^[@R1]^, motivating study of the noncovalent interactions that govern protein folding^[@R2]^. Hydrogen bonding has received particular attention due to its unique ability to specify the geometry by which chemical groups interact. In proteins, amide hydrogen-bond donors often approach carbonyl acceptors along the carbonyl bond axis, as in the α-helix and β-sheet^[@R3]--[@R5]^. This observation is consistent with a modern description of the carbonyl lone pairs, featuring a predominantly *s*-type orbital (*n~s~*) along the carbonyl bond with a *p* orbital (*n~p~*) in an orthogonal orientation ([Fig. 1a,b](#F1){ref-type="fig"})^[@R6]^. Whereas *n~s~* is poised to engage in common hydrogen-bond patterns in proteins, the role of *n~p~* is less clear. In an α-helix, the *π\** orbital of an adjacent carbonyl group can accept lone pair electron density from *n~p~*, forming a so-called *n*→*π\** interaction^[@R7]^; however, adjacent carbonyl groups in β-sheets are too distil to accept electron density from *n~p~*. Moreover, whereas most backbone carbonyl groups in proteins can form two noncovalent interactions, one for each lone pair, the majority of backbone carbonyls that form only a single interaction are found in β-sheets^[@R8]^, suggesting that we might not yet appreciate all of the interactions present in this latter secondary structure. We therefore inquired as to what other electron acceptors could potentially engage with the carbonyl *p*-type lone pair in β-sheets.

Upon inspection of the β-sheet, we noted close proximity of the carbonyl oxygen to the amide proton of the same residue, potentially creating a hydrogen bond through overlap of *n~p~* with the *σ\** orbital of the N--H bond ([Fig. 1c](#F1){ref-type="fig"}). This geometry has been termed "C5" for the size of the ring enclosed by the putative hydrogen bond^[@R9]--[@R11]^. The C5 geometry has been observed for some amino acids^[@R12],[@R13]^ and small, charged proteins^[@R14]^ in the gas phase, and calculations suggest it to be one of few minima on the potential energy surface^[@R15],[@R16]^. The putative C5 hydrogen bond itself has, however, never been probed in the context of a peptide or protein in solution. If these interactions do indeed occur, their energies are likely to be weak, given that hydrogen-bond energies are maximized when the acceptor approaches along the donor bond axis^[@R17]^; indeed, algorithms for identifying hydrogen bonds in protein structures require this geometry for hydrogen-bond assignment^[@R18]^. Thus, it is unclear if C5 interactions are truly hydrogen bonds or if they contribute to protein stability.

Here we used a variety of experimental and computational methods to probe for the existence of C5 hydrogen bonds in proteins. In particular, we used quantum mechanical calculations and various types of spectroscopy on minimal peptide models to show that these interactions share features that are typical of hydrogen bonds. We then demonstrated that selective perturbation of the C5 hydrogen bond in backbone-modified peptides affects the conformational stability of a β-sheet. Bioinformatics analysis revealed that these interactions are prevalent in virtually all proteins, leading us to conclude that C5 hydrogen bonds contribute significantly to the conformational stability of proteins.

Results {#S1}
=======

Computational analysis of C5 hydrogen bonding {#S2}
---------------------------------------------

For an interaction to form, interpenetration of the donor and acceptor orbitals must occur. To evaluate the potential for orbital overlap in folded proteins, we measured the distance between putative donors and acceptors within β-sheet residues in sub-Å protein crystal structures. We found that many featured oxygen--hydrogen distances \<2.61 Å, which is the sum of the van der Waals radii for hydrogen and oxygen^[@R19]^ ([Supplementary Results](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}), suggesting that orbital interpenetration might occur. To investigate whether relevant geometries enable C5 hydrogen bonding, we used density functional theory calculations to generate a set of AcGlyNHMe conformations that sample the donor--acceptor distances observed in proteins ([Fig. 2a](#F2){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). These conformers were then subjected to natural bond orbital (NBO) analysis to estimate the energy released by the mixing of the carbonyl *p*-type lone pair with the *σ\** orbital of the hydrogen-bond acceptor ([Supplementary Table 2](#SD1){ref-type="supplementary-material"})^[@R20]^. NBO analysis allows for calculation of the energy associated with the interactions of specific orbitals, which generally agree well with, for example, the energy of *n*→*π\** interactions determined from torsion-balance experiments^[@R21]--[@R23]^.

Our calculations predict that C5 interactions can release significant energy, especially at donor--acceptor distances \<2.5 Å. There, energy-release can exceed 0.25 kcal/mol ([Supplementary Fig. 2b](#SD2){ref-type="supplementary-material"}), which is similar to that expected from *n*→*π\** interactions^[@R7],[@R23]^. In addition, the overall change in energy along this coordinate is similar to the hydrogen-bond energy estimated by NBO analysis ([Supplementary Fig. 2c](#SD2){ref-type="supplementary-material"}), suggesting that the interaction itself could make a significant contribution to the stability of these conformations. Moreover, as the donor--acceptor distance decreases, we calculated a concomitant lengthening of the N--H donor bond, increase in the partial positive charge on the donor hydrogen, red shift of the donor stretching frequency, and downfield chemical shift of the donor proton ([Supplementary Fig. 2d--g](#SD2){ref-type="supplementary-material"}), each consistent with these interactions having the properties of typical hydrogen bonds^[@R17]^.

C5 Hydrogen bonding in a preorganized amino acid {#S3}
------------------------------------------------

Encouraged by these computational predictions, we set out to probe a single putative C5 hydrogen bond experimentally. To preorganize the putative donor and acceptor for interaction, we employed derivatives of diethylglycine (Deg) ([Fig. 2](#F2){ref-type="fig"}), which has been shown by computation^[@R24]^ as well as NMR and vibrational spectroscopy^[@R25]^ to populate the C5 geometry in solution. To probe the interaction, we compared diethylglycines bearing either an amide or an ester as the putative hydrogen-bond acceptor, as *bona fide* hydrogen bonds are attenuated by replacing an amide acceptor with an ester^[@R26]^. Conformational analysis demonstrates that these compounds adopt the C5 geometry in solution ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}), allowing us to isolate the effect of the putative C5 hydrogen bond.

Frequency analysis of the optimized C5 geometries of AcDegNHMe and AcDegOMe predicts that AcDegNHMe has a 30 cm^--1^ lower N--H stretching frequency than does AcDegOMe, consistent with the stronger C5 hydrogen bond predicted by NBO analysis (2.84 kcal/mol versus 1.73 kcal/mol). At a concentration of 10 mM, where similar compounds have been shown to be monomeric in solution^[@R25]^, infrared spectroscopy revealed that the N--H stretching mode of the putative C5 hydrogen-bond donor is indeed red-shifted---by 33 cm^--1^---in AcDegNHMe relative to AcDegOMe ([Fig. 2a](#F2){ref-type="fig"}); for comparison, there is only a 6 cm^--1^ difference in the analogous donor stretching frequencies of AcGlyNHMe and AcGlyOMe in dichloromethane^[@R27]^. The donor stretching mode of AcDegNHMe is also red-shifted by 3.2 cm^--1^ relative to that in AcDegNH~2~ (**6**) ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}), consistent with a primary amide being a less effective hydrogen-bond acceptor than is a secondary amide.

We then examined the effect of this interaction on the NMR properties of the donor proton. Replacing the acceptor amide with an ester creates an upfield chemical shift of the donor proton, despite the ester being more electron-withdrawing ([Supplementary Fig. 5](#SD2){ref-type="supplementary-material"}). These chemical shifts were also insensitive to ten-fold dilution, indicating the absence of intermolecular hydrogen bonding at these concentrations. Switching from a solvent that does not engage in hydrogen bonding to one that does causes a downfield shift of the donor proton, and this effect is attenuated by the presence of an internal hydrogen bond. In accord with previous studies^[@R25]^, we found that the internal amide proton of AcDegNHMe experiences a much smaller chemical shift upon changing the solvent from CDCl~3~ to DMSO-*d*~6~ than do the amide protons of AcDegOMe or 3-acetamido-3-methylpentane, which is a diethylglycine derivative lacking a putative C5 hydrogen-bond acceptor ([Fig. 2b](#F2){ref-type="fig"}). Moreover, in deuterated methanol, the C5 hydrogen-bonded N--H proton of AcDegNH~2~ experiences smaller temperature-induced chemical shifts (5.4 ppb/°C) than does either of the terminal N--H protons (5.8 and 6.5 ppb/°C), suggesting that C5 hydrogen bonding persists even when exposed completely to a protic solvent.

We next assessed the ability of this interaction to slow the exchange of the donor proton. Following addition of D~2~O to a DMSO-*d*~6~ solution, the putative C5 hydrogen-bond donor in AcDegNHMe exchanges much more slowly than does the corresponding proton in AcDegOMe ([Fig. 2c](#F2){ref-type="fig"}, [Supplementary Figs. 6 and 7](#SD2){ref-type="supplementary-material"}), consistent with the stronger protective effect of the amide acceptor. This difference in exchange rate is contingent upon adoption of the C5 geometry, as the exchange rates of AcGlyNHMe and AcGlyOMe are indistinguishable ([Fig. 2d](#F2){ref-type="fig"}). These data establish that these interactions are consistent with hydrogen bonding. They might also explain the anomalously slow exchange rates of solvent-exposed β-sheet residues in proteins (*e.g.*, Staphylococcal nuclease^[@R28]^) that are not engaged in canonical hydrogen bonds.

C5 hydrogen bonding in a β-sheet {#S4}
--------------------------------

Confident that C5 interactions constitute hydrogen bonding and that they significantly affect the chemical properties of the backbone, we sought to characterize their contributions to the stability of an actual β-sheet. To do so, we employed a tryptophan zipper (TrpZip2) β-hairpin as a model ([Fig. 3a](#F3){ref-type="fig"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"})^[@R29]^. This small, designed antiparallel β-hairpin achieves robust secondary structure despite its short length, providing a convenient model system. To discern whether C5 hydrogen bonding does occur in β-sheet structure, we compared the ^1^H NMR chemical shifts of TrpZip2-A and TrpZip2-B ([Fig. 3b](#F3){ref-type="fig"}; [Supplementary Tables 4--6](#SD1){ref-type="supplementary-material"}); the latter features an ester linkage between Thr3 and Trp4, where it can accept a canonical hydrogen bond from Thr10-NH and a C5 hydrogen bond from Thr3-NH. As expected, Thr10-NH experiences a large upfield shift in the presence of a weaker hydrogen-bond acceptor. Importantly, Thr3-NH likewise experiences a large upfield shift, despite the greater inductive effect of the ester group, which, for comparison, leads to a downfield shift of Glu5-NH. The sensitivity of an amide proton to the identity of the C5 hydrogen-bond acceptor strongly suggests that C5 hydrogen bonds operate in folded proteins.

To evaluate the importance of the C5 interaction specifically, we eliminated the canonical hydrogen-bond donor by replacing it with an ester (TrpZip2-C). In the absence of the canonical donor, replacement of an amide acceptor with an ester attenuates the C5 hydrogen bond of interest selectively (TrpZip2-D). Circular dichroism spectra indicated this attenuation reduces structural content ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). Thermal denaturation demonstrated that TrpZip2-D also loses all measurable structure by 50 °C, while TrpZip2-C retains some residual structure at temperatures up to \~75 °C ([Fig. 3c](#F3){ref-type="fig"}). Because introduction of the second ester attenuates the interstrand oxygen--oxygen repulsion created by hydrogen bond deletion^[@R30]^, the observed decrease in the thermal stability of TrpZip2-D relative to TrpZip2-C might underestimate the contributions of C5 hydrogen bonding.

Though suggestive, results from analysis of TrpZip2-C and TrpZip2-D are clouded by the low stability of these model proteins. Moreover, attenuation of the C5 hydrogen-bond acceptor also necessarily perturbs the proposed interstrand C^α^--H···O=C hydrogen bond in β-sheets^[@R31]^, potentially confounding our results. To enhance the stability of backbone-modified TrpZip2 and to isolate C5 interactions from other noncovalent interactions, we probed these interactions at the termini of the hairpin rather than in its center. Terminal modifications have been found to be less disruptive^[@R32]^, and the C-terminal carbonyl group cannot accept a C^α^--H···hydrogen bond. Elimination of the N-terminal serine residue leaves the C-terminal carbonyl group without a canonical hydrogen-bond donor and isolates the C5 hydrogen bond of interest (TrpZip2-E). Thermal denaturation revealed that attenuation of a terminal C5 hydrogen bond with an ester acceptor (TrpZip2-F) lowers the value of *T*~m~ (which is the temperature at the midpoint of the thermal transition between the folded and unfolded states) by 2 °C ([Fig. 3d](#F3){ref-type="fig"}, [Supplementary Table 3](#SD1){ref-type="supplementary-material"}).

Finally, we attempted to enhance the strength of the C5 hydrogen bond by replacing the N-terminal acetyl group with a trifluoroacetyl group, which increases the acidity of the N-terminal hydrogen-bond donor. We did so in a variant in which the C5 hydrogen bond is isolated by removing the C-terminal lysine residue (TrpZip2-G and TrpZip2-H). We observed that the *T*~m~ value of TrpZip2 capped with a trifluoroacetyl group is 4 °C higher than when capped with an acetyl group ([Fig. 3d](#F3){ref-type="fig"}, [Supplementary Table 3](#SD1){ref-type="supplementary-material"}), indicating that increasing the strength of only a single C5 hydrogen bond can increase the global stability of a β-sheet.

C5 hydrogen bonding in proteins {#S5}
-------------------------------

Given the prevalence of β-sheets in proteins, C5 hydrogen bonds en masse could contribute significantly to protein stability. To evaluate their potential contributions, we analyzed the energy of C5 hydrogen bonds by conducting NBO analyses on a set of AcGlyNHMe conformers that sample β-sheet geometry ([Fig. 4a](#F4){ref-type="fig"} and [Supplementary Table 7](#SD1){ref-type="supplementary-material"}). We found a peak C5 hydrogen bond energy of 1.44 kcal/mol, with energies of at least 0.25 kcal/mol for residues with absolute backbone dihedral angles \>140°; this region also corresponds to residues in sub-Å crystal structures with donor--acceptor distances \<2.5 Å ([Fig. 4b](#F4){ref-type="fig"}), which in turn correlated with several properties of hydrogen bonding in our computational analysis of AcGlyNHMe ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}). Residues with absolute backbone dihedral angles \>140° should therefore be expected to experience the effects of hydrogen bonding due to a C5 interaction. Considering only residues with absolute backbone dihedral angles \>140°, we found that \~5% of all residues engage in C5 hydrogen bonding, and 94% of the proteins we examined contain at least one C5 hydrogen bond. Most of these residues (62%) were assigned to β-sheet secondary structure, and 13% of all β-sheet residues engage in C5 hydrogen bonds. Antiparallel β-sheets have a higher frequency (14%) than do parallel β-sheets (9%), consistent with differences in donor--acceptor distances ([Supplementary Fig. 9a](#SD2){ref-type="supplementary-material"}), suggesting that C5 hydrogen bonds might contribute to differences in the stability of these two architectures. The difference in C5 hydrogen-bond frequency between parallel and antiparallel β-sheets could be due to the influence of canonical hydrogen bonds, which pull the C5 donor and acceptor away from each in parallel β-sheets ([Supplementary Fig. 9b](#SD2){ref-type="supplementary-material"}). β-Bulges and bends each have C5 hydrogen-bond frequencies of \~10% and together make up 10% of residues with C5 interactions. The remaining interactions (27%) were not assigned to a secondary structure, suggesting that these interactions impart stability to irregular loops or turns. Residues engaged in C5 hydrogen bonds are also less solvent-exposed than are other residues ([Supplementary Fig. 10](#SD2){ref-type="supplementary-material"}), suggesting that C5 hydrogen bonds, like their canonical counterparts, must compete with water for the hydrogen-bonding potential of the protein backbone. We expect the effects of C5 hydrogen bonding to be most significant in the interiors of proteins.

To estimate the total contributions from C5 hydrogen bonds, we binned residues from a non-redundant set of high-resolution protein crystal structures by their backbone dihedral angles. We assigned an energy from our NBO calculations to each bin, and summed the energetic contributions, again only considering residues with absolute backbone dihedral angles \>140°. Notably, the TrpZip2 model protein feature dihedral angles outside this range^[@R29]^, so our criteria likely provide a lower bound to the expected contributions of C5 hydrogen bonds. We found that C5 hydrogen bonds contribute an average total stabilizing energy of \~4.5 kcal/mol per 100 residues. This energy is similar to contributions estimated for *n*→*π\** interactions, which have energies generally greater than 0.27 kcal/mol each^[@R23]^ and affect approximately one-third of residues in folded proteins^[@R5]^, as well as for cation--*π* interactions which have energies generally greater than 2 kcal/mol each and affect at least one in every 77 residues^[@R33]^. Moreover, β-rich proteins could benefit from significantly higher contributions ([Supplementary Fig. 11](#SD2){ref-type="supplementary-material"}). Although these estimates do not account for differences in individual microenvironments, they do suggest a role for C5 hydrogen bonds in stabilizing folded proteins.

Discussion {#S6}
==========

We speculate that local C5 hydrogen bonds contribute to protein folding by directing the polyproline II secondary structure, which is believed to be common in the unfolded states of proteins^[@R34]^, toward β-strand geometry. These local contacts could prepare strands for association into sheets, which are otherwise stabilized largely by nonlocal contacts. An overabundance of such interactions could, however, contribute to the formation of amyloids, as C5 hydrogen bonds are stronger when backbone dihedral angles mirror one another ([Fig. 4a](#F4){ref-type="fig"}). Proteins tend to avoid this flat conformation^[@R35],[@R36]^. Indeed, amyloid structures show highly symmetric backbone dihedral angles ([Supplementary Fig. 12](#SD2){ref-type="supplementary-material"})^[@R37]^, suggesting a significant contribution from C5 hydrogen bonds for this feature of protein folding landscapes^[@R38]^. Moreover, residues engaged in C5 hydrogen bonds are significantly enriched in small amino acids, most notably glycine ([Supplementary Fig. 13a,b](#SD2){ref-type="supplementary-material"}), polymers of which have a high propensity for aggregation^[@R39]^. Conversely, β-branched residues, which are abundant in natural β-sheets^[@R40]^, are unlikely to engage in C5 hydrogen bonds. For example, whereas threonine is significantly more common in β-sheets than is serine, serine is much more likely to engage in C5 hydrogen bonds because the methyl group of threonine can clash with the main chain in conformations containing a C5 hydrogen bond ([Supplementary Fig. 13c](#SD2){ref-type="supplementary-material"}). Hence, the replacement of small amino acids with bulky ones during the evolution of β-sheets might, in part, serve to mitigate the propensity of C5 hydrogen bonds to encourage amyloid formation.

Our data indicate that C5 hydrogen bonds are common in folded proteins and affect their conformational stability. They complement other noncanonical interactions in protein structures, such as C^α^--H···O hydrogen bonds^[@R31]^, cation--*π*^[@R33]^, and *n*→*π\** interactions^[@R5]^. We conclude that C5 hydrogen bonds merit inclusion in computational force fields, which do not consider such interactions explicitly^[@R41]^, despite their sharing many properties with traditional hydrogen bonds. Their accurate accounting could improve models of protein structure, stability, and folding.

Online Methods {#S7}
==============

Computational chemistry {#S8}
-----------------------

All computations were performed with Gaussian 09 software from Gaussian (Wallingford, CT) and the B3LYP/6-311G+(2d,p) level of theory. A focused library of AcGlyNHMe conformations was constructed by optimizing the geometry of the compound in the gas phase for fixed values of the putative hydrogen-bond donor--acceptor distance (NH···O), ranging from *d* = 1.974 to 2.974 Å. This range was selected to sample distances observed in folded proteins. Optimized geometries were subjected to frequency analysis, gauge-independent atomic orbital NMR calculations, and analysis with NBO 5.9 software, which was from the Theoretical Chemistry Institute of the University of Wisconsin--Madison (Madison, WI) as implemented in Gaussian 09. All energies were corrected by the zero-point vibrational energy. Similarly, optimized gas-phase conformations of AcDegNHMe and AcDegOMe were obtained at the same level of theory. Frequency calculations yielded no imaginary frequencies, indicating a true stationary point on the potential energy surface. Energies were corrected by the zero-point vibrational energy. Atomic charges were determined by natural population analysis^[@R42]^. Calculated Cartesian coordinates are listed in [Supplementary Note 1](#SD1){ref-type="supplementary-material"}.

Diethylglycine derivatives and peptides {#S9}
---------------------------------------

AcGlyNHMe was from Chem-Impex International (Wood Dale, IL). AcGlyOMe was from Sigma--Aldrich (St. Louis, MO). Derivatives of diethylglycine and TrpZip peptides were synthesized and characterized as described in [Supplementary Note 2](#SD1){ref-type="supplementary-material"}.

Fourier transform infrared spectroscopy {#S10}
---------------------------------------

Fourier transfer infrared (FTIR) spectra were acquired with a Nicolet iS10 spectrometer from Thermo Fisher Scientific (Waltham, MA). Diethylglycine derivatives were dissolved in CDCl~3~ to a final concentration of 10 mM. Following a purge with N~2~(g), 256 scans between 400 and 4000 cm^--1^ were acquired and averaged, and the absorbance was calculated relative to background from neat CDCl~3~.

Temperature-induced chemical shift {#S11}
----------------------------------

AcDegNH~2~ was dissolved in methanol-*d*~4~ to a final concentration of 10 mM, and ^1^H NMR spectra were recorded over a temperature range of 20--40 °C. The per-degree change in chemical shift was then determined by linear regression of the observed chemical shifts as a function of temperature.

Hydrogen--deuterium exchange {#S12}
----------------------------

Spectra for H/D exchange experiments were acquired with a DMX 400 MHz spectrometer from Bruker (Billerica, MA) in the National Magnetic Resonance Facility at Madison (NMRFAM). H/D exchange experiments were performed by co-dissolving AcDegNHMe and AcDegOMe, or AcGlyNHMe and AcGlyOMe in DMSO-*d*~6~ to a final concentration of 50 mM each. Aliquots (0.50 mL) of the resulting solutions were transferred to NMR tubes. Exchange was initiated by the addition of 10 μL of D~2~O at time *t* = 0. Samples were mixed thoroughly by repeated inversion for 30 s before collection of the first spectrum. ^1^H NMR spectra were collected by averaging 16 individual scans to provide adequate signal to noise. Integrations were determined from the area of the calculated fit of the amide region (7.2--8.0 ppm for diethylglycines or 7.6--8.4 ppm for glycines), as determined with the program MestReNova 9.0 from MestreLab Research (Escondido, CA). Experiments were performed in triplicate.

NMR spectroscopy of peptides {#S13}
----------------------------

NMR spectra of peptides were acquired with an Avance III 600 MHz spectrometer equipped with a 1.7-mm cryogenic probe from Bruker in the NMRFAM. As described previously^[@R29]^, TrpZip peptides were dissolved to a final concentration of \~1 mM in 40 μL of 20 mM potassium phosphate buffer, pH 7.0, containing 10% v/v D~2~O. Homonuclear ROESY, COSY, and TOCSY spectra were collected at 25 °C with water suppression, and resonances were assigned by standard methods. Specifically, sequential H^α^*~i~*--NH*~i~*~+1~ ROESY correlations provided connectivities and confirmed the β-like backbone geometry.

Circular dichroism (CD) spectroscopy {#S14}
------------------------------------

CD spectra were acquired with a Model 420 spectrometer from Aviv Biomedical (Lakewood, NJ) in the Biophysics Instrumentation Facility at the University of Wisconsin--Madison. As described previously^[@R29]^, far-UV CD spectra of TrpZip peptides were obtained at 20 μM in 20 mM potassium phosphate buffer, pH 7.0. Ellipticity was recorded in 1-nm increments in the 200--300 nm range with 1-nm bandwidth and 3 s averaging. Thermal denaturation was performed at a concentration of 20 μM, except for TrpZip2-C and TrpZip2-D, which were denatured at 100 μM; for comparison, tryptophan zippers have been demonstrated previously to exist as monomers in solution at concentrations into the millimolar range^[@R29]^. Ellipticity at 228 nm was recorded by averaging for 15 s with a 1-nm bandwidth. Temperature was increased from 4 to 96 °C in 1-°C steps with a 5-min equilibration between steps. The overall rate of temperature increase was 6--10 °C/h. Data for peptides that were well folded at 4 °C were converted to percent folded. Values of *T*~m~, which is the temperature at the midpoint of the thermal transition between the folded and unfolded states, were determined as described previously^[@R43]^. All ellipticity data fitted well to a two-state model (*R*^2^ \> 0.999), and the ensuing *T*~m~ values were independent of the experimentally determined concentration.

Bioinformatics {#S15}
--------------

A nonredundant set (\<25% pairwise sequence identity) of 192 protein crystal structures (\>40 residues, *R* \<20%) with a resolution of 1.0 Å or better was culled from the PDB of 28 November 2012 using the PISCES server^[@R44]^, as was a similar set of 1,884 crystal structures determined to a resolution of 1.6 Å or better. Secondary structure assignments were made using Kabsch and Sander criteria as implemented with the program PROMOTIF^[@R45]^. Relative backbone solvent-accessible surface areas were calculated with the program NACCESS 2.1.1 from the Department of Biochemistry and Molecular Biology of the University College London (London, UK). Residues with backbone atoms modeled in multiple conformations were excluded from analysis. Parallel and antiparallel β-sheets were identified as those forming only parallel or antiparallel contacts, respectively. Strands engaged in mixed contacts were excluded from analysis for the purposes of comparing C5 frequencies between parallel and antiparallel β-sheets.
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![Amide carbonyl lone pairs allow for C5 hydrogen bonding\
**a**, **b**, *s*-Type (**a**) and *p*-type (**b**) carbonyl lone pairs. **c**, Putative C5 hydrogen bond, characterized by overlap of the *p*-type carbonyl lone pair and N--H *σ\** orbital.](nihms809912f1){#F1}

![C5 Interactions display properties typical of hydrogen bonds\
**a**, N--H stretching region of FTIR spectra of AcDegNHMe (**1**) and AcDegOMe (**2**) in CDCl~3~. **b**, Change in chemical shift of amide protons of AcDegNHMe, AcDegOMe, and 3-acetamido-3-methylpentane (**3**) between CDCl~3~ and DMSO-*d*~6~ solutions. **c**, **d**, Integration of donor amide ^1^H NMR signals of AcDegNHMe and AcDegOMe (**c**), or AcGlyNHMe (**4**) and AcGlyOMe (**5**) (**d**) in DMSO-*d*~6~ over time following the addition of D~2~O. Error bars in panels **c** and **d** are the standard deviation of experiments performed in triplicate.](nihms809912f2){#F2}

![Perturbation of C5 hydrogen bonds impacts β-sheet stability\
**a**, TrpZip2 peptides. **b**, NH--H^α^ region of ^1^H--^1^H TOCSY spectra of TrpZip2-A and TrpZip2-B. **c**, **d**, Thermal denaturation of TrpZip2 peptides based on measurements of ellipticity at 228 nm.](nihms809912f3){#F3}

![Energy and frequency of C5 hydrogen bonds in proteins\
**a**, Ramachandran plot of the energy of C5 hydrogen bonds. **b**, Ramachandran plot of residues in sub-Å protein crystal structures with reported hydrogen coordinates. Residues with donor--acceptor distances \<2.5 Å are shown in red.](nihms809912f4){#F4}
